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HIGHLIGHTS 


@ Potential hydrogen demand for light-duty vehicles is estimated for every county. 

© Optimization models maximize economic value with temporal hydrogen production. 

© Producing hydrogen in early morning hours is favorable when using wind power in TX. 
© Texas can be an analytical testbed for renewable hydrogen production and demand. 


ARTICLE INFO ABSTRACT 


This work developed two methods to investigate the technical and economic potential of hydrogen demand and 
production: (1) estimating potential hydrogen demand for light-duty vehicles (LDVs) at the county-level using a 
first-order engineering model, and (2) quantifying temporal renewable hydrogen production from wind energy 
using a linear programming model. The potential hydrogen demand was primarily evaluated for three geo- 
graphical regions: (1) the United States, (2) Texas, and (3) the Texas Triangle which is one of the nation’s most 
important mega-regions. The linear programming model compared marginal electricity and hydrogen prices to 
maximize revenue over the course of a year. The analysis primarily focused on the Electric Reliability Council of 
Texas (ERCOT), but also included other six U.S. electricity markets for hypothetical analysis. Results show that 
the potential hydrogen demand for LDVs in the United States, Texas, and the Texas Triangle are 53.3, 5.3, and 
3.9 billion kg per year, respectively. Using the electrolyzer system energy efficiency of 75% and the marginal 
hydrogen price of $4/kg, the wind energy in Texas as of 2015 could produce nearly 0.84 billion kg of hydrogen, 
which could supply about 22% of the potential hydrogen demand for LDVs in the Texas Triangle. When the 
marginal hydrogen price is low (e.g. $1/kg), it is only favorable to produce hydrogen during early morning 
hours, especially, 1-6 a.m., in ERCOT and other electricity markets except California’s market. These results 
could provide information for decision makers to better understand the holistic feasibility of a hydrogen 
economy in the United States. 
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1. Introduction 


Renewable generators, such as wind and solar, offer lower marginal 
costs compared to fossil-based generators in the electricity market. In 
the Electric Reliability Council of Texas (ERCOT), which is the elec- 
tricity market in Texas, renewable generators are dispatched based on 
marginal costs. This dispatching dynamic can cause curtailment of wind 
energy because of the intermittency of wind profiles, inconsistency with 
electricity load profiles, transmission congestions, and geographically 
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sparse installment of wind turbines that tends to be far from the de- 
mand centers [1,2]. While a large adoption of renewables is advanta- 
geous for decarbonizing the power sector, mitigating the variability of 
renewables is one of the challenges for the electric grid. At the same 
time, a trend of decarbonization spans globally, as indicated by the 
Paris Agreement [3]. Increased penetration of renewable generators 
could increase the variability of electricity supply and create a need to 
build necessary infrastructure to enhance the reliability, resiliency, and 
flexibility of the grid systems. 
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Abbreviations and nomenclature 

a total energy requirement to produce compressed hydrogen 

_ average gasoline consumption per capita in state j 

Si average gasoline consumption in state j based on NHTS 
data 

a average rural gasoline consumption in state j 

a average urban gasoline consumption in state j 

5j deviation of gasoline consumption in state j 

Nelyar system energy efficiency of an electrolyzer 

NEcEV efficiency of fuel cell electric vehicles 

ick efficiency of internal combustion engines 

bi rurality level in county i in state j 

T time interval (1 h) 

LHVy, lower heating value of hydrogen 

ch marginal hydrogen price 

cf day-ahead market electricity price at time t 

di potential hydrogen demand for light-duty vehicles for 
county i and state j 

f energy requirement for hydrogen production via electro- 
lysis 

g energy requirement for hydrogen compression 

8; gasoline consumption for county i and state j 

h, hourly hydrogen production rate from wind electricity at 
time ¢ 

I set of all the counties in state j 

Dj total population in county i and state j 


Vj rural gasoline use intensity in state j 
T set of times steps: {1, 2, ..., 8760} 

uj urban gasoline use intensity in state j 
Wy wind electricity at time t 

xP wind electricity used for hydrogen production at time ft 
xf electricity sold to the grid at time t 

Zz optimization value 

BEV battery electric vehicle 

CAISO = California ISO 

CCS carbon capture and storage 

CREZ competitive renewable energy zones 
DOE Department of Energy 

EIA Energy Information Administration 
ERCOT Electric Reliability Council of Texas 
FCEV fuel cell electric vehicle 

GHG greenhouse gas 

ICE internal combustion engine 

ISO independent system operator 

ISO-NE _ ISO New England Inc. 

LDV light-duty vehicle 

MISO Midcontinent ISO 

NHTS National Household Travel Survey 
NYISO New York ISO 

PJM Pennsylvania, Jersey, Maryland Interconnection 
RTO regional transmission organization 
SPP Southwest Power Pool 

ZEV zero emissions vehicle 


To overcome these challenges, there are several approaches to sta- 
bilize the electric grid, such as using dispatchable generator capacity 
[4], building transmission lines [5], introducing time-of-use prices for 
demand response [6], incorporating energy storage systems in the 
electric grid [7,8], and using excess electricity for resource production. 
Resource production includes desalination to produce water [9], and 
renewable hydrogen production using wind or solar energy [10-12]. 
Creating hydrogen from wind energy could help solve several problems 
simultaneously: (1) improve grid performance by capacity firming and 
resource diversification; (2) reduce energy and CO, emissions if re- 
newable hydrogen is largely used in the transportation sector to dis- 
place petroleum consumption; and (3) reduce CO, emissions sig- 
nificantly for manufacturing hydrogen because more than 95% of 
hydrogen currently in the market is produced from fossil resources 
using steam-methane reforming [12]. These cross-sectoral outcomes 
have been investigated to mitigate renewable electricity surplus 
through producing high-density gaseous fuels as power to gas projects, 
especially in Germany [13,14]. As part of the Hydrogen Council, the 
industry-led effort to develop the hydrogen economy accelerates in- 
vesting along the hydrogen value chain, including transportation, in- 
dustry, energy exploration, production, and distribution [15]. While 
improving the grid performance, renewable hydrogen production and 
consumption could also displace the use of fossil-based resources. 

The state of Texas presents a useful testbed for analyzing renewable 
hydrogen production. Texas accounts for about 9% of the national 
population [16], about 9% of the national gross domestic product [17], 
and over 13% of the national CO2 emissions [18]. Furthermore, Texas 
is home to the largest installed capacity of wind power [19], most of the 
nation’s existing hydrogen infrastructure, a unique standalone elec- 
tricity grid, ERCOT, and one of the nation’s most important mega-re- 
gions, the Texas Triangle. The Texas Triangle consists of three of the 
nation’s 10 largest cities (Houston, San Antonio, and Dallas), and cities 
inside the triangle connected by Interstate 45, Interstate 10, and In- 
terstate 35 [20,21]. These features and the mix of vibrant urban centers 
along with large regions of rural land make Texas a unique case study 
for understanding a hydrogen supply chain to produce and consume 
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renewable hydrogen. 

In this paper, we develop two methods to investigate the technical 
and economic potential of hydrogen demand and production: (1) esti- 
mating potential hydrogen demand for light-duty vehicles (LDVs) at the 
county-level using a first-order engineering model, and (2) quantifying 
temporal renewable hydrogen production from wind energy using a 
linear programming model. Applying these methods, this work ex- 
amines temporal hydrogen production using a linear programming 
model that compares marginal electricity and hydrogen prices to 
maximize revenue over the course of a year. Furthermore, this work 
performs a sensitivity analysis for different market prices to identify the 
hypothetical effects of their dynamic electricity prices on renewable 
hydrogen production. The remainder of this document is organized as 
follows: Section 2 reviews the literature; Section 3 describes methods 
used in this analysis; Section 4 provides results and discussion; and 
Section 5 concludes findings with future work. 


2. Background 


For hydrogen production, past work has intended to investigate 
several pathways, including steam-methane reforming from natural gas 
[22], biomass [23], or ethanol [24], coal gasification [25], and water 
electrolysis [26,27]. Currently, steam-methane reforming is the most 
wide-spread technology in use because of its cost, efficiency, and es- 
tablished track record. However, producing hydrogen from fossil fuels 
emits greenhouse gases (GHGs) throughout the production processes. 
To mitigate GHG emissions, carbon capture and storage (CCS) has been 
studied [28,29], seeking economical hydrogen production [30]. 
Though using CCS can reduce GHG emissions, technical and economical 
challenges of CCS present uncertainty for widespread adoption [31]. 
Using renewable electricity to produce hydrogen has the potential to 
offer lower emissions [32], lower marginal costs, and improved grid 
performance by buffering excess electricity [13,14,33]. 

Prior work on renewable hydrogen production has intended to 
quantify the potential hydrogen production in a national scale. Levene 
et al. [10] quantified the potential hydrogen production from solar and 
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wind resources, and compared it with gasoline usage in the United 
States. Their results indicated that the state of Texas has the highest 
hydrogen production potential from solar photovoltaic and wind. This 
quantification is useful to understand the holistic geographical char- 
acteristics, but it is also important to understand the dynamic char- 
acteristics of renewable hydrogen production to incorporate the elec- 
tricity market because of the variability of wind output and the 
dynamic electricity prices. For capacity firming, prior work has ex- 
tensively studied storage installment in the electricity market [8,34]. 
Thus, detailed examination of the interaction between hydrogen pro- 
duction and participation with the electric grid could offer holistic 
understanding for the enhanced grid reliability. 

This analysis differs from the past literature by (1) estimating geo- 
graphical variability in the potential hydrogen demand for LDVs by 
incorporating estimates at the county-level; (2) quantifying temporal 
potential hydrogen production from wind energy in response to the 
electricity market in Texas; (3) comparing the potential hydrogen 
production in Texas with the potential hydrogen demand for LDVs in 
the Texas Triangle; and (4) performing a sensitivity analysis to identify 
the effects of different electricity market prices on renewable hydrogen 
production. This analysis intends to fill these knowledge gaps in the 
literature. 
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3. Methods 


Fig. 1 shows an analytical workflow, including the following major 
steps both of which relied upon underlying datasets and models: (1) 
estimate the potential hydrogen demand for LDVs, and (2) quantify the 
potential hydrogen production from wind energy in Texas by use of a 
linear programming model. This analysis primarily focuses on the state 
of Texas as a case study, but also includes analysis of nationwide hy- 
drogen demand and electricity markets outside of ERCOT. To prepare 
the data, Python version 2.7.11 was used under the Texas Advanced 
Computing Center Linux cluster [35]. To model and solve the linear 
optimization problems, the Python package, Pyomo [36], was used in 
conjunction with the IBM ILOG CPLEX Optimizer [37]. 


3.1. Potential hydrogen demand for light-duty vehicles 


To quantify the potential hydrogen demand for LDVs nationwide, 
we estimated gasoline consumption for every county in the United 
States using a first-order engineering model. A series of research has 
shown that as population density increases, transport fuel consumption 
sublinearly decreases [38-40]. Past work has examined the effect of 
geographical categorization (e.g. rural vs. urban) [41] on transport fuel 
consumption [40,42]. Parshall et al. [42] have shown that for gasoline 
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Fig. 1. Analytical workflow for estimating the potential hydrogen demand for light-duty vehicles (LDVs) and quantifying the potential hydrogen production from 


wind energy in response to electricity market prices. 
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consumption, the ratio between direct final consumption per capita in 
urban/rural category and average direct final consumption per capita in 
the United States ranged from 0.88 to 1.40, which means that the ty- 
pical resident in an urban county consumes 12% less gasoline than the 
typical U.S. resident while the typical resident in a rural county con- 
sumes 40% more than the typical U.S. resident. 

By incorporating county-level rurality based on U.S. Census [43], 
gasoline consumption for county i and state j, &j. can be given by 


Si = i. {rj PiPy + uj(1 ~ Pi) Pij}> (1) 


geia 


8 is average gasoline consumption per capita in state j, i is 
rurality level in county i in state j, Dj; is total population in county i and 
state j, and r; and u; are rural and urban gasoline use intensities in state 
j, respectively. 

Using State Energy Data System gasoline consumption data [44] 
and U.S. Census population data [16], we obtained average gasoline 
consumption per capita for each state in 2015, a The rurality level 


where 


[43], $,;, represents a percentage of population in a county living in a 
rural region. We used National Household Travel Survey (NHTS) data 
[45] to derive rural and urban gasoline use intensities, rj and uj, re- 
spectively. NHTS data consist of travel survey records, including annual 
fuel consumption in gasoline equivalent gallons per household. Using 
these annual fuel consumption data with respect to rural and urban 
categorization based on U.S. Census, we derived rural and urban ga- 
soline use intensities: 


stural 


pa 
J snhts ’ 
8 (2) 
g urban 
8j 
Yj snhts ’” 
8j (3) 
where a and ae are average rural and urban gasoline consump- 


tion in state j, respectively, and a is average gasoline consumption in 


state j based on the NHTS data. These intensity values indicate how 
rural and urban households in a state tend to consume gasoline com- 
pared with the average households’ consumption in a given state. 

The potential hydrogen demand for LDVs for each county, dj, can be 
estimated by 


ij> 


Energy requirment for 
H2 production [kWh,/kg1,] 
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Mrcev!/ Mice 
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where g,, is obtained from Eq. (1), Ncpy is an efficiency of fuel cell 
electric vehicles (FCEVs) (e.g. 67 MPGe (miles per gallon equivalent) 
[46]), and 7,,., is an efficiency of internal combustion engines (ICEs) 
(e.g. 25 MPG [47]). Since the energy content of one gallon of gasoline is 
approximately equivalent to one kilogram of hydrogen, FCEVs can 
drive approximately 2.5 further on one kilogram of hydrogen than the 
distance driven by ICE LDVs consuming one gallon of gasoline [48]. 
This fuel performance is in addition to the environmental co-benefit 
that FCEVs emit only water and warm air [49]. We used the fuel per- 
formance of 2.5 (necpy/Ncp) throughout the analysis. Though the scope 
of this analysis focuses on FCEVs, it is worthwhile to note that the 
overall efficiency of FCEV mobility can be worse than deploying battery 
electric vehicles (BEVs) [50]. 


3.2. Hydrogen production process via electrolysis 


In this analysis, we assumed water electrolysis for hydrogen pro- 
duction. The hourly hydrogen production rate from wind electricity, h 
(kg,,,/h), can be given by 

1 

= —_x 
f+s (5) 
where f (kWh,/kg;,,) is an energy requirement for hydrogen production 
via electrolysis, g (kWh,/kg,,,) is an energy requirement for hydrogen 


h 


> 


compression, and x" (kW,) is wind electricity used for hydrogen pro- 
duction. An energy requirement for hydrogen production via electro- 
lysis can be a function of a system energy efficiency of an electrolyzer, 
which is given by 

fe LHVig 


Netyzr 


(6) 


where LHVj, is the lower heating value (LHV) of hydrogen, and 7,,,,, is 
a system energy efficiency of an electrolyzer. Fig. 2 shows this inverse 
relationship between the energy requirement for hydrogen production 
and the electrolyzer system energy efficiency along with the status and 
targets of the Department of Energy (DOE) [51]. The energy require- 
ment for hydrogen compression, g, can be found from the literature 
[52], and set to be 4.07kg,,/kWh, for compressing hydrogen to 


LHV of Hz (33.3 kWh./kgy,) 
DOE 2011 Status 
DOE 2015 Target 
DOE 2020 Target 


80 90 100 


Electrolyzer system energy efficiency [%] 


Fig. 2. Inverse relationship between the energy requirement for hydrogen production, f, and the electrolyzer system energy efficiency, 


Nelyxr» along with the status and 


targets of the Department of Energy (DOE) [51]. The dashed line represents the energy requirement for hydrogen production as a function of the lower heating value 


(LHV) of hydrogen and the electrolyzer system energy efficiency. 
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Electricity sold to the grid 
@ Day-ahead market price 


Hydrogen sold 
@ Specified marginal price 


Fig. 3. Diagram of the wind power electricity and hydrogen production system modeled in this work. Over the course of a year, the linear programming model 
maximizes revenue by producing hydrogen from wind energy at a specified marginal hydrogen price or selling electricity to the grid. 
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Fig. 4. Box plots for day-ahead market price data at West hub in 2015. The day-ahead market price primarily peaks in the afternoon, and negative electricity prices 
occur in the early morning hours. 
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Fig. 5. Estimated potential hydrogen demand for light-duty vehicles (LDVs) at the county-level in the United States. The potential hydrogen demand for the United 
States, the state of Texas, and the Texas Triangle are 53.3, 5.3, and 3.9 billion kg per year, respectively. 
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U.S. Potential Hydrogen Demand for LDVs by State 
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Fig. 6. Estimated potential hydrogen demand for LDVs at the state-level in the United States. The states participating in California’s Zero Emissions Vehicle (ZEV) 
mandate include California, Oregon, New York, New Jersey, Massachusetts, Maryland, Connecticut, Maine, Rhode Island, and Vermont. 


Table 1 

Estimated potential hydrogen demand for ZEV states and Texas. Though Texas 
does not participate in ZEV mandate, Texas has the second largest hydrogen 
potential, and the potential demand in the Texas Triangle is larger than ZEV 
states except California. 


State Rural Urban Potential ZEV 
population population hydrogen mandate 
[million] imillion] demand [billion 
kg/year] 

California 1.93 37.06 5.72 Yes 
Texas 4.06 23.37 5.26 No 
New York 2.32 17.42 2.02 Yes 
New Jersey 0.46 8.47 1.54 Yes 
Massachusetts 0.54 6.25 1.07 Yes 
Maryland 0.76 5.24 1.07 Yes 
Oregon 0.75 3.27 0.59 Yes 
Connecticut 0.43 3.16 0.55 Yes 
Maine 0.81 0.52 0.30 Yes 
Rhode Island 0.10 0.96 0.14 Yes 
Vermont 0.38 0.25 0.12 Yes 

8 0 0 ‘© Kazunori Nagasawa et al., The University of Texas at Austin, 2018 
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Fig. 7. Histogram of estimated potential hydrogen demand for LDVs at the 
county-level in the United States. The majority (about 83%) of counties has less 
than 20 million kg of hydrogen demand. The values over 100 million kg are 
truncated into the “100+” block for the purpose of this visualization. 
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Fig. 8. Rural and urban gasoline use intensities aggregated by all the states. 
Though the overlap of the error bars indicates it is not statistically significant, 
we used these intensity values for the analysis. Households in urban regions 
consume about 3.9% less gasoline compared with the average, and households 
in rural regions consume about 7.2% more gasoline compared with the average. 
The error bars indicate + 1 standard deviation. 


700 bar. By introducing total energy requirement to produce com- 
pressed hydrogen at 700 bar, « (kg,,,/kWhe), Eq. (5) can be simplified 
to 


(7) 


h = ax, 


3.3. Linear programming model formulation 


Fig. 3 shows a diagram of the wind power electricity and hydrogen 
production system modeled in this work. By considering economic 
competitiveness between marginal electricity and hydrogen prices, the 
model presented here determines whether electricity should be sold to 
the grid or the available wind electricity should be used to produce 
hydrogen. This work aimed to build a framework that incorporates 
additional modeling complexity, such as electricity and hydrogen sto- 
rage within a system of varying temporal and spatial supply and de- 
mand. With granular datasets of wind energy production and temporal 
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Fig. 9. Relative difference between aggregated gasoline consumption for a state 
and State Energy Data System gasoline consumption data [44]. Most of the 
states are overestimated, with the largest deviation being 5.1%. The average 
deviation is 1.32%. 


variation in demand, the optimization model presented here can be 
further developed to formulate strategies for storing and shifting the 
production of electricity and hydrogen to better meet the spatial and 
temporal behavior of the energy system. For clarity, the results pre- 
sented in this work can be determined using a simplified decision model 
comparing the economic advantage of selling electricity or producing 
hydrogen at a given time. However, the optimization model is still 
presented in this work and utilized to formulate the results because the 
optimization framework builds the foundation for future work that 
incorporates additional complexity, such as optimizing energy storage 
strategies. 

The linear programming model (8) given below maximizes revenue 
by producing hydrogen from wind energy at a specified marginal hy- 
drogen price or selling electricity to the grid over the course of a year. 
The subscript t denotes a given time within the set T, and T is the time 
interval (1h). The day-ahead market electricity price and the marginal 
hydrogen price are denoted by cf ($/kWh,) and c? ($/kg,,,), respec- 
tively. The primary decision variables of the model are the electricity 
sold to the grid, xf (kW,), and the hourly hydrogen production, h, 
(kg);,/h). We formulate the model as follows: 


Zz = max = (cxf + cht 


xh Ah (8a) 
s.t. w=xf+xP vteT (8b) 
h=axh VWteT (8c) 
h., xé,x2>0 VteT (8d) 


The objective function (8a) maximizes the total revenue from 
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(b) Hydrogen price at $4/kg. 


Fig. 10. Annual hydrogen production using four historical hub prices from 
2011 to 2015 with the marginal hydrogen price of $1/kg (a) and $4/kg (b). 
There are effects of locational electricity prices and marginal hydrogen prices 
on renewable hydrogen production. At $4/kg, the model predicts maximized 
hydrogen production. The electrolyzer system energy efficiency was set to be 
75% for all the simulations. 


hydrogen production and selling electricity to the grid over the course 
of a year. Constraint (8b) divides the wind electricity, w,; (kW-), into the 
electricity sold to the grid, xf (kW,), and electricity used for hydrogen 
production, xP (kW,), for every time period. Constraint (8c) shows 
renewable hydrogen production using wind electricity for every time 
period, as described in Eq. (7). Constraint (8d) restricts the decision 
variables to be nonnegative. 

In this analysis, we primarily used ERCOT day-ahead market prices 
[53] and wind data [54]. Fig. 4 shows an example of day-ahead market 
price data. This figure shows that the day-ahead market price primarily 
peaks in the afternoon, and negative electricity prices occur in the early 
morning hours due to a surplus of wind power at night in the ERCOT 
market. Box plots show observed hourly data in a year with upper and 
lower quantiles, and the median. The upper whisker is located at the 
smaller of the maximum of data and 1.5 times interquartile range above 
the upper quartile, and the lower whisker is located at the larger of the 
minimum of data and 1.5 times interquartile range below the lower 
quartile. The circles are data points outside the whiskers. Hydrogen 
prices were varied across a range of $0-5/kg to examine the effect of 
marginal hydrogen prices on renewable hydrogen production in re- 
sponse to the electricity market. 


3.4. Sensitivity analysis for different electricity market prices 


In addition to ERCOT day-ahead market price data for analyzing 
market dynamic, this analysis also used different markets’ electricity 
data obtained from an independent system operator (ISO) or regional 
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Statistics of settlement point prices for four electricity hubs used in the electricity market in Texas. The West hub experiences negative prices (in bold face). 


Year Settlement point price [$/MWh,] 
Houston North South West 
min median max min median max min median max min median max 

2011 9.91 30.44 2634.46 9.67 30.05 2634.97 10.01 30.37 2633.92 — 28.07 27.60 2635.97 

2012 8.59 23.28 1500.00 8.50 23.08 1524.42 8.50 23.21 1485.38 —5.00 22.00 1546.09 

2013 12.00 30.01 521.12 11.68 29.34 520.16 11.97 29.83 522.25 2.45 28.90 532.74 

2014 5.01 33.52 1324.89 5.03 32.89 1331.34 5.00 33.20 1327.20 5.03 32.83 1335.71 

2015 5.14 22.02 2239.95 2.00 21.54 2233.41 5.05 21.82 2242.02 —2.55 21.58 2236.95 

. © Kazunori Nagasawa et al., The University of Texas at Austin, 2018 Fig. 11. Annual hydrogen production as a function 
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Fig. 12. Difference of hydrogen production from Fig. 11. As the electrolyzer 
energy system efficiency increases, the marginal hydrogen price of the peak of 
difference decreases. The differences of hydrogen production have leveled off 
once the marginal hydrogen price exceeds $3/kg. Higher efficiency means 
hydrogen production can be economical on a marginal basis even at low prices. 


transmission organization (RTO) to see hypothetical scenarios where 
the wind capacity in Texas is hypothetically dropped into other elec- 
tricity markets. Using the wind energy data in Texas, we analyzed how 
those dynamic electricity prices affect hydrogen production. We ob- 
tained the following datasets: (1) Southwest Power Pool (SPP) [55]; (2) 
Midcontinent ISO (MISO) [56]; (3) Pennsylvania, Jersey, Maryland 
Interconnection (PJM) [57]; (4) New York ISO (NYISO) [58]; (5) ISO 
New England Inc. (ISO-NE) [59]; and (6) California ISO (CAISO) [60]. 


4. Results and discussion 


Section 4.1 describes the potential hydrogen demand at the county- 
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level for LDVs in the United States. Section 4.2 examines the effects of 
locational electricity prices on renewable hydrogen production in 
Texas. Section 4.3 discusses the effects of electrolyzer system energy 
efficiencies on renewable hydrogen production, and compares that 
production in Texas with the potential demand in the Texas Triangle. 
Section 4.4 presents the hourly hydrogen production in response to the 
electricity market in Texas. Section 4.5 shows effects of marginal hy- 
drogen prices on electrolyzer characteristics. Finally, Section 4.6 shows 
hypothetical scenarios where the wind capacity in Texas is hypotheti- 
cally dropped into other electricity markets to examine how temporal 
renewable hydrogen production could change based on their dynamic 
electricity prices. 


4.1. Potential hydrogen demand for light-duty vehicles 


Fig. 5 shows estimated potential hydrogen demand for LDVs at the 
county-level in the United States. The estimated potential hydrogen 
demand for the United States, the state of Texas, and the Texas Triangle 
are 53.3, 5.3, and 3.9 billion kg per year, respectively. There are 10 
notably high demand counties that exceed over 350 million kg of hy- 
drogen each. Of those 10 counties, Texas has four, including: Dallas 
(Dallas), Tarrant (Fort Worth), Bexar (San Antonio), and Harris 
(Houston). Furthermore, the aggregated potential hydrogen demand at 
the state-level is shown in Fig. 6. This figure shows that most of the 
demand is in the most populous states. The boundary in orange line 
represents a state that participates in California’s Zero Emissions Ve- 
hicle (ZEV) mandate [61] which requires automakers to sell a minimum 
amount of ZEVs each year [62]. Table 1 shows potential hydrogen 
demand for ZEV states and Texas. Though Texas does not participate in 
ZEV mandate, Texas has the second largest hydrogen potential, and the 
potential demand of 3.9 billion kg per year in the Texas Triangle is 
larger than ZEV states except California. 

Fig. 7 shows a histogram of estimated potential hydrogen demand 
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(b) Hydrogen price at $4/kg. 


Fig. 13. Box plots for hourly renewable hydrogen production at the marginal hydrogen price of $1/kg (a) and $4/kg (b). When the marginal hydrogen price is high 
(e.g. $4/kg), hydrogen production is economical at all times of day. However, when the marginal hydrogen price is low (e.g. $1/kg), it is only favorable to produce 
hydrogen in the early morning hours, especially, 1-6 a.m. The electrolyzer system energy efficiency was 75%, and the electricity data were sourced from the West 


hub prices in Texas in 2015. 


for LDVs at the county-level in the United States. This figure shows that 
the majority (about 83%) of counties has less than 20 million kg of 
hydrogen demand. Note that the values over 100 million kg are trun- 
cated and included in the “100+” block for the purpose of visualiza- 
tion. 

These figures affirm that about 53.3 billion kg of hydrogen could 
displace about 133 billion gallons of gasoline currently consumed in the 
United States each year. For the Texas Triangle, about 3.9 billion kg of 
hydrogen could displace about 9.8 billion gallons of gasoline. Though 
this analysis incorporated rurality at the county-level, the geographical 
variation in the potential hydrogen demand indicates that high poten- 
tial counties align well with ones with high population density. The 
exception is some rural counties that cover a lot of land. Furthermore, 
counties with low potential hydrogen demand often have high wind 
energy, especially in the middle of the United States and west Texas. 
This co-location of geographically sparse wind generation, low 
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hydrogen demand, and low population density raises the question 
about optimal locations of hydrogen production facilities and methods 
of delivering hydrogen. To answer these questions, Texas can be an 
analytical testbed for renewable hydrogen production and consump- 
tion. The Texas Triangle, including Dallas, Houston, and San Antonio, 
has potential hydrogen demand of over 350 million kg at each point, 
according to the analysis presented in Fig. 5. Each side of the Texas 
Triangle has a distance of approximately 300 miles [21], which is a 
feasible distance of a FCEV [46]. At the same time, Texas has the largest 
wind capacity installed in the United States [19], and renewable hy- 
drogen can be used for purposes other than transportation, such as 
refineries [63]. These characteristics indicate that Texas could be un- 
iquely suited as a testbed to understand the potential for renewable 
hydrogen production and consumption. 

Fig. 8 shows rural and urban gasoline use intensities aggregated by 
all the states. Though the overlap of the error bars indicates it is not 
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Fig. 14. Scatter plots of the ERCOT electricity price 
and hourly hydrogen production with their mar- 
ginal distributions. When the marginal hydrogen 
price is at $1/kg, hydrogen is produced below the 
median electricity price of $21.6/MWh. However, 
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statistically significant, we used these intensity values for the analysis. 
Households in urban regions consume about 3.9% less gasoline com- 
pared with the average, and households in rural regions consume about 
7.2% more gasoline compared with the average. These trends are 
consistent with the past work by Parshall et al. [42]. The rurality data 
used in this analysis were defined by U.S. Census [43], and account for 
where people live, and whether people have access to the public 
transportation, among other factors. 

Fig. 9 shows the relative difference between aggregated gasoline 
consumption for a state and State Energy Data System gasoline con- 
sumption data [44], obtained from the U.S. Energy Information Ad- 
ministration (EIA). This difference is a measure of how accurately the 
county-level method used in this work is able to represent the ag- 
gregated state-level data from the EIA. This analysis can be calculated 
such that 
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when the marginal hydrogen price is at $4/kg, the 
threshold value of the electricity price becomes 
$82.6/MWh. The summary of threshold electricity 
prices as a function of hydrogen prices and elec- 
trolyzer efficiencies is presented in Fig. 15. The 
electricity prices were truncated by $100/MWh, 
which was 0.63% of the total data points, and il- 
lustrated as the “100+” block for the purpose of 
this visualization. 


See aae 


Lier 8i 


J geia” 


g (9) 


where g;; is the gasoline consumption for county i and state j from Eq. 
(1), J; is the set of all the counties in state j, and is the State Energy 
Data System gasoline consumption data in state j. This figure shows 
most of the states are overestimated, with the largest deviation being 
5.1%. The average deviation is 1.32%. 


4.2. Effects of locational electricity prices on renewable hydrogen 
production 


To understand the potential hydrogen production in response to the 
electricity market in Texas, we analyzed the effects of locational day- 
ahead electricity prices on renewable hydrogen production. We ex- 
amined the four electricity hub prices (Houston, North, South, and 
West) in Texas from 2011 to 2015, assuming total wind energy 
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Fig. 15. Relationship between threshold elec- 
tricity prices and hydrogen prices as a function of 
the electrolyzer energy system efficiency. It is 
economical to produce hydrogen if electricity 
prices are below each line at a given marginal 
hydrogen price. If the efficiency of the electrolyzer 
system decreases, the economic competitiveness of 
hydrogen production will also decrease. A reduc- 
tion in electrolyzer efficiency will then mean that 
selling electricity will become more appealing at 
lower electricity prices. 
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Fig. 16. Effects of marginal hydrogen prices on the electrolyzer capacity and capacity factor. The peak power demand of the electrolyzer (i.e. electrolyzer capacity) 
increases until the marginal hydrogen price rises to $0.7/kg. The electrolyzer capacity factor gradually increases until the hydrogen production system eventually 
consumes all of the electricity produced from wind power. Thus, electrolyzer capacity factor asymptotically approaches the capacity factor of the wind turbines, 
which means restricting the electrolyzer capacity factor by the capacity factor of the wind turbines. 


produced in Texas at a given time can be sold at a particular electricity 
hub. For this analysis, we set the electrolyzer system energy efficiency 
of 75%. 

Fig. 10 shows annual hydrogen production using four historical hub 
prices from 2011 to 2015 with the marginal hydrogen price of $1/kg (a) 
and $4/kg (b). Results show that there are effects of locational elec- 
tricity prices and marginal hydrogen prices on renewable hydrogen 
production. For the marginal hydrogen price of $1/kg, West hub prices 
tend to be attractive for hydrogen production until 2013. In 2015, ef- 
fects of West hub prices and North hub prices become marginal. For the 
marginal hydrogen price of $4/kg, annual hydrogen production in- 
creases year by year primarily due to the new installment of wind ca- 
pacity. At $4/kg, the model predicts maximized hydrogen production. 

The inconsistent trend for the marginal hydrogen price of $1/kg is 
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primarily due to the relatively high minimum and median electricity 
prices in 2013 and 2014, as shown in Table 2. This table shows statistics 
of four electricity hub prices used in this analysis. It also shows that the 
West hub experiences negative electricity prices in 2011, 2012, and 
2015, which reflects higher annual hydrogen production shown in 
Fig. 10(a). 

When the marginal hydrogen price is low in the earlier years, it is 
favorable to produce hydrogen at the West hub because of relatively 
lower electricity prices, as shown in Table 2. The marginal effect of 
West hub and North hub prices in 2015 can be due to lower electricity 
prices compared to Houston and South hub prices. 
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4.3. Effects of electrolyzer system energy efficiencies on renewable hydrogen 
production 


As discussed in Section 3.2, there are different electrolyzer system 
energy efficiencies for hydrogen production via electrolysis. In this 
section, we tend to identify the effects of electrolyzer system energy 
efficiencies on renewable hydrogen production. We used the following 
electrolyzer system energy efficiencies: 60%, 75%, 90%, and 100%. The 
marginal hydrogen price varied $0-5/kg with a $0.1/kg increment. The 
results compared hydrogen production in Texas with the potential hy- 
drogen demand for LDVs in the Texas Triangle, as shown in Fig. 5. The 
electricity data focused on the West hub prices in 2015. The effects of 
locational hub prices on renewable hydrogen production are presented 
in Section 4.2. 

Fig. 11 shows annual hydrogen production as a function of the 
electrolyzer system energy efficiency and marginal hydrogen price. 
Results show that as the marginal hydrogen price increases, hydrogen 
production increases, and has leveled off once the marginal hydrogen 
price exceeds $3/kg, as shown in Fig. 12. Conversely, it is economically 
favorable in the electricity market in Texas with the marginal hydrogen 
price of $4/kg to use all the available wind energy at a given time for 
hydrogen production. Furthermore, using the electrolyzer system en- 
ergy efficiency of 75% and the marginal hydrogen price of $4/kg, the 
wind energy in Texas as of 2015 could produce nearly 0.84 billion kg of 
hydrogen, which could supply about 22% of the potential hydrogen 
demand for LDVs in the Texas Triangle. 

These results indicate that the marginal hydrogen prices of $1/kg 
and $4/kg can significantly affect annual hydrogen production. The 
DOE targets of the hydrogen levelized costs for central and distributed 
water electrolysis are $3.00/kg and $3.90/kg, respectively [51]. It is 
worthwhile to consider that a large increase in hydrogen production 
could put downward pressure on existing hydrogen prices. Those 
second-order effects are not considered here. Since the relatively lower 
hydrogen prices (e.g. $0-2/kg) affect renewable hydrogen production 
in a transitional way, understanding temporal renewable hydrogen 
production in greater details can be important to gain insights about 
potential market adjustments, which is discussed in Section 4.4. 
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Fig. 17. Effects of marginal hydrogen prices 
on the electrolyzer capital cost and incre- 
mental revenue. Though this analysis provides 
the scale of costs and revenues, it would be 
worthwhile to consider the potential costs of 
hydrogen transportation because the location 
and scale of the hydrogen production facility 
(centralized vs. decentralized) significantly 
affects total costs of hydrogen supply-chain 
[66]. 


Incremental revenue [$/year] 


4.4. Temporal analysis of renewable hydrogen production 


Using the West hub price data in 2015 and the electrolyzer system 
energy efficiency of 75%, we analyzed hourly renewable hydrogen 
production on a temporal basis. 

Fig. 13 shows that box plots for hourly renewable hydrogen pro- 
duction at the marginal hydrogen price of $1/kg (a) and $4/kg (b). 
These figures show that time of day largely affects hydrogen produc- 
tion. Fig. 13(b) shows that hydrogen production is economical at all 
times of day because of the relatively high marginal hydrogen price. 
The shape of the production profile in Fig. 13(b) aligns with the wind 
output profile since all of the electricity from wind generation is di- 
rected towards hydrogen production when the marginal hydrogen price 
is high. Fig. 13(a) shows when the marginal hydrogen price is low, it is 
only favorable to produce hydrogen in the early morning hours (e.g. 
1-6 a.m.). 

The results show that hydrogen production peaks during night hours 
due to the availability of wind energy and lower electricity prices in 
Texas. Since the wind output and total ERCOT load profiles tend not to 
align well [2], using low price electricity to produce hydrogen has the 
potential to improve grid performance. Though the construction of 
ERCOT competitive renewable energy zones (CREZ) transmission has 
helped mitigate variability in wind output and send electricity from the 
low population density area to the city centers [2], it is worthwhile to 
consider an alternative way to stabilize the grid because of the expected 
rise of renewables such as wind and solar in Texas [64]. 

Fig. 14 shows scatter plots of the ERCOT electricity price and hourly 
hydrogen production with their marginal distributions for the marginal 
hydrogen price of $1/kg (a) and $4/kg (b). When the marginal hy- 
drogen price is at $1/kg, hydrogen is produced below the median 
electricity price of $21.6/MWh. However, when the marginal hydrogen 
price is at $4/kg, the threshold value of the electricity price becomes 
$82.6/MWh. As the hydrogen price decreases, the threshold electricity 
price for hydrogen production becomes lower, which means it is more 
favorable to sell electricity to the grid to earn revenue. 

The summary of threshold electricity prices as a function of hy- 
drogen prices and electrolyzer efficiencies is presented in Fig. 15. This 
figure shows that it is economical to produce hydrogen if electricity 
prices are below each line at a given marginal hydrogen price. If the 
efficiency of the electrolyzer system decreases, the economic 
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Fig. 18. Heatmaps for renewable hydrogen production in median values for different electricity markets. When the marginal hydrogen price is at $1/kg, it is not 
attractive for CAISO to produce hydrogen during the day. However, in addition to ERCOT, SPP, MISO, PJM, NYISO, and ISO-NE have a moderate hydrogen 
production, especially in the early morning hours. As the marginal hydrogen price increases, hydrogen production is increased during night hours, and extends to day 
time hours. This analysis assumed that other electricity markets had the equivalent of 2015 Texas wind capacity. 


competitiveness of hydrogen production will also decrease. A reduction 
in electrolyzer efficiency will then mean that selling electricity will 
become more appealing at lower electricity prices. As shown in Fig. 15, 
the slope of the lines decrease as the electrolyer efficiency decreases. 


4.5. Effects of marginal hydrogen prices on electrolyzer characteristics 


Fig. 16 shows effects of marginal hydrogen prices on the electro- 
lyzer capacity and capacity factor. For this analysis, the electrolyzer 
capacity can be translated as the maximum wind electricity output used 
for hydrogen production at a given hydrogen price over the course of a 
year. This consideration means that the electrolyzer meets the peak of 
wind energy output, which is consistent with how the optimization 
model works. This figure shows that the peak power demand of the 
electrolyzer (i.e. electrolyzer capacity) increases until the marginal 
hydrogen price rises to $0.7/kg. The electrolyzer capacity factor gra- 
dually increases until the hydrogen production system eventually con- 
sumes all of the electricity produced from wind power. Thus, electro- 
lyzer capacity factor asymptotically approaches the capacity factor of 
the wind turbines, which means restricting the electrolyzer capacity 
factor by the capacity factor of the wind turbines. The profile of the 
electrolyzer capacity factor looks consistent with the annual hydrogen 
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production profile, as shown in Fig. 11. 

Fig. 17 shows effects of marginal hydrogen prices on the electro- 
lyzer capital cost and incremental revenue of hydrogen production. 
Using the electrolyzer capital expenditures for centralized hydrogen 
production of $900/kW [65], the installment costs of electrolyzers are 
estimated based on the capacity requirements presented in Fig. 16. This 
figure shows an order of magnitude assessment of the potential capital 
cost of the hydrogen production system and potential revenues that can 
be collected resulting from hydrogen production. Though this analysis 
provides the scale of costs and revenues, it would be worthwhile to 
consider the potential costs of hydrogen transportation because the 
location and scale of the hydrogen production facility (centralized vs. 
decentralized) significantly affects total costs of hydrogen supply-chain 
[66]. 


4.6. Sensitivity analysis for different electricity market prices 


The previous sections focused on the ERCOT market and wind 
output in Texas. This section examines hypothetical scenarios where 
the wind capacity in Texas is hypothetically dropped into other elec- 
tricity markets to investigate how and when the wind energy could be 
used to produce renewable hydrogen in response to each market’s 
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Fig. 19. Box plots for hourly renewable hydrogen production at the marginal hydrogen price at $1/kg for difference electricity market prices in 2015. The elec- 
trolyzer energy efficiency is 75% throughout all the simulations. This analysis assumed that other electricity markets had the equivalent of 2015 Texas wind capacity. 


electricity price dynamic. In particular, this hypothetical analysis uses 
the hourly wind energy output profiles from Texas to estimate the po- 
tential for hydrogen production in SPP, MISO, PJM, NYISO, ISO-NE, 
and CAISO. This analysis was done to consider the economic competi- 
tiveness of hydrogen production in other electricity markets. While this 
analysis is informative, the predictive capability of the results is limited 
due to the fact that the unique wind characteristics of the different 
regions are not modeled. 

Fig. 18 shows an overview of a sensitivity analysis performed to 
analyze the effects of using different market prices on renewable hy- 
drogen production. An example of box plots of this analysis is shown in 
Fig. 19. These figures show that when the marginal hydrogen price is at 
$1/kg, it is not attractive for CAISO to produce hydrogen during the 
day. However, in addition to ERCOT, SPP, MISO, PJM, NYISO, and ISO- 
NE have a moderate hydrogen production, especially in the early 
morning hours. As the marginal hydrogen price increases, hydrogen 
production is increased during night hours, and extends to day time 
hours. 

The region of SPP has the high wind energy potential [19]. This 
sensitivity analysis shows that SPP has the potential to favorably pro- 
duce hydrogen due to the region’s relatively low electricity prices. 
Though this analysis assumed the same wind profiles in Texas, this 
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sensitivity analysis can be useful to examine temporal characteristics 
for further development of wind installation. 


5. Conclusions 


This work developed two methods to investigate the technical and 
economic potential of hydrogen demand and production: (1) estimating 
potential hydrogen demand for light-duty vehicles (LDVs) at the 
county-level using a first-order engineering model, and (2) quantifying 
temporal renewable hydrogen production from wind energy using a 
linear programming model. The first-order engineering model in- 
corporated population rurality in each county to estimate the potential 
hydrogen demand at the county-level. The potential hydrogen demand 
was primarily evaluated for three geographical regions: (1) the United 
States, (2) Texas, and (3) the Texas Triangle which is one of the nation’s 
most important mega-regions. The linear programming model for- 
mulated in this study quantified hourly renewable hydrogen production 
while maximizing revenue by deciding when and how much wind 
electricity was used to produce hydrogen via electrolysis. The potential 
renewable hydrogen production in Texas was compared with the po- 
tential demand for LDVs in the Texas Triangle. A sensitivity analysis 
aimed to identify the hypothetical effects of different electricity market 
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prices obtained from an independent system operator (ISO) or real-time 
operating system (RTO) on renewable hydrogen production by using 
seven day-ahead market prices: (1) ERCOT (Electric Reliability Council 
of Texas), (2) SPP (Southwest Power Pool), (3) MISO (Midcontinent 
ISO), (4) PJM (Pennsylvania, Jersey, Maryland Interconnection), (5) 
NYISO (New York ISO), (6) ISO-NE (ISO New England Inc.), and (7) 
CAISO (California ISO). 
The major findings are as follows: 


1. About 3.9 billion kg of hydrogen could displace about 9.6 billion 
gallons of gasoline used for LDVs in the Texas Triangle each year, 
while the U.S. total potential hydrogen demand for LDVs is over 53 
billion kg of hydrogen per year. Though Texas does not participate 
in ZEV (zero emissions vehicle) mandate, Texas has the second 
largest hydrogen potential, and the potential hydrogen demand of 
3.9 billion kg per year in the Texas Triangle is larger than ZEV states 
except California. 

. Using the electrolyzer system energy efficiency of 75% and the 
marginal hydrogen price of $4/kg, the wind energy in Texas as of 
2015 could produce nearly 0.84 billion kg of hydrogen, which could 
supply about 22% of the potential hydrogen demand for LDVs in the 
Texas Triangle. 

. When the marginal hydrogen price is high (e.g. $4/kg), hydrogen 
production is economical at all times of day. However, when the 
marginal hydrogen price is low (e.g. $1/kg), it is only favorable to 
produce in the early morning hours, especially, 1-6 a.m. 

. When the marginal hydrogen price is at $1/kg, it is not attractive for 
CAISO to produce hydrogen during the day. However, in addition to 
ERCOT, SPP, MISO, PJM, NYISO, and ISO-NE have a moderate hy- 
drogen production, especially in the early morning hours. As the 
marginal hydrogen price increases, hydrogen production is in- 
creased during night hours, and extends to day time hours. This 
analysis considered hypothetical scenarios where the wind capacity 
in Texas is hypothetically dropped into other electricity markets. 


This analysis sought to quantify the potential renewable hydrogen 
production from wind energy based on historical wind output and 
electricity prices. The analysis considered a range of marginal hydrogen 
prices, and evaluated how those hydrogen prices affect temporal hy- 
drogen production. However, the marginal hydrogen prices used in this 
analysis did not incorporate total costs of renewable hydrogen pro- 
duction, including costs of opening up electrolyzer facilities and 
transporting hydrogen from production sites to demand sites. Future 
work should focus on overall costs associated with hydrogen production 
and consumption by incorporating geographical constraints such as 
road, grid networks, and midstream infrastructure. With granular da- 
tasets of wind energy production and temporal variation in demand, the 
optimization model herein can be further developed to formulate 
strategies for storing and shifting the production of electricity and hy- 
drogen to better meet the spatial and temporal behavior of the energy 
system. As one option to consider, west Texas could be the potential 
location of underground hydrogen storage using the salt caverns [67]. 
This analysis primarily considered light-duty vehicles. Freight activity 
for heavy-duty commercial vehicles is expected to grow over the 
coming decades [68]. Future work should analyze the potential for 
hydrogen demand in heavy-duty trucking, and, as a result, provide 
insights on decarbonization in the commercial transportation sector. 
Though this analysis is limited to understand the total costs of renew- 
able hydrogen production, these results could provide information for 
decision makers to better understand the holistic feasibility of a hy- 
drogen economy in the United States. 
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